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Introduction
Recent outbreaks of pathogenic bacteria on produce have been widespread with severe
consequences. Consuming hepatitis A—contaminated green onions sickened 555
persons and killed 3 from a restaurant in western Pennsylvania (CDC 2003). In
October 2006, spinach contaminated with E. co/i 0157:117 infected 199 people in 28
states, resulting in 141 hospitalizations, 31 cases of kidney failure, and 3 deaths (Surak
2007). Shortly thereafter, lettuce contaminated with E. co/i 0157:H7 associated
with Taco Bell had 71 reported cases, with 53 reported hospitalizations and 8 cases
of kidney failure (CDC 2006). Particularly susceptible to foodborne illness are the
very young, the elderly, individuals with existing diseases, or immunocompromised
individuals. In addition to the human toll, these outbreaks of foodborne illness have
caused severe economic losses to food companies, consumers, and employers in
general.

Escherichia co/i 0157:117 has been implicated with increasing frequency from
outbreaks associated with fresh produce, including bean sprouts. cantaloupes, apples,
lettuce, spinach, tomatoes, etc. (Ackers and others 1998; Hillborn and others 1999).
The mechanisms by which the pathogen is introduced are not fully understood;
however, one hypothesis states that the plants may have been contaminated in fields
by exposure to contaminated animal feces and/or improperly treated manure (Beuchat
1999). Current epidemiological data indicate that E. co/i 0157:H7 may he present in
up to 8.3% of dairy and beef cattle (Faith and others 1996) and that it is shed asymp-
tomatically in the feces. Although current manure-handling guidelines recommend a
composting period to reduce microbial pathogens in manure before its application as
a field fertilizer (FDA 1998), research has demonstrated that manure can support the
long-term survival of E. co/i 0157:H7 in a variety of conditions (Kudva and others
1998; Wang and others 1996). A second vehicle by which E. co/i 0157:H7 may he
introduced is flood irrigation with water contaminated with cattle feces or contact with
contaminated surface runoff Ackers and others 1998: Hillborn and others 1999). A
number of recent E. co/i 0157:H7 outbreaks have been linked to contaminated water
(CDC 1999): furthermore, studies have demonstrated the ability of the pathogen to
survive for extended periods in water (Chalmers and others 2000: Wang and Doyle
1998).

The dose for E. co/i 0157:H7 to cause human illness is very low and may he as
few as 10 organisms (FDA 1998). Some victims, particularly the very young, have
developed the hernolytic uremic syndrome (HLJS), which is characterized by renal
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failure and hemolytic anemia. From 0 to 15% of hemorrhagic colitis victims may
develop HUS, which can lead to the permanent loss of kidney function. In the elderly.
HUS, plus two other symptoms, fever and neurological symptoms, constitutes throm-
botic thrombocytopenic purpura (TTP). The mortality rate of this condition in the
elderly can he as high as 50%. Thus, there is a need of rapid and sensitive methods
to detect this pathogen in foods.

Traditional bacterial pathogen detection methods can take several days to confirm
a positive sample. In the case of Campvlobacrer, culturing and plating takes 14-16
days for a positive result (Brooks and others 2004). Different selective media are used
for the detection of particular bacteria species. They can contain inhibitors (in order
to stop or delay the growth of nontargetcd strains) or particular substrates that only
the targeted bacteria can degrade or that confers a particular color to the growing
colonies, such as rainbow agar for Salmonella detection. (Fratamico 2003). Although
these methods are inexpensive they are very time consuming. To assure the safety of
our foods and a rapid response to help those afflicted, clearly more rapid detection
methods are needed.

Biosensors for Pathogen Detection

Efforts to develop alternative food pathogen detection methods in general include the
development of hiosensor technologies for pathogen detection. Biosensors use bio-
logical receptor compounds (e.g., antibody, enzyme, nucleic acid, etc.) and the trans-
duction of the molecular interaction through changes in physical and/or physicochemical
properties in real time to detect the presence of the entity specific to the hioreceptor
(Leonard and others 2003) Principally, there are four types of biosensors that measure
signal transduction through changes in optical, mass, electrochemical, and thermal
properties (Goepel 1991; Seyhi 1994; Goepel and I-leiduschka 1995). Some of the
general principles and applications of hiosensors are briefly described as follows.

Optical hiosensors based on the evanescent wave (EW) use the technique of attenu-
ated total reflection (ATR) spectroscopy and surface plasmon resonance (SPR) to
measure real-time interaction between biomolecules. The basis of ATR is the reflection
of light inside the core of a waveguide when the angle of incidence is greater than the
critical angle. Waveguides can be slab guides. planar integrated optics, or optical
fibers. Light waves are propagated along waveguides by the law of total internal
reflection (TIR). Even though the light is totally internally reflected, the intensity does
not abruptly fall to zero at the interface, resulting in generation of evanescent wave
(EW), which penetrates exponentially into the medium of lower refractive index
(Squillante 1998). The wavelength of light, ratio of the refractive indices, and angle
of the light at the interface determine the penetration depth (Anderson and others
1993). which are typically 50 to 1000nm; thus the EW is able to interact with many
monolayers at the surface of waveguides (Lave and others 1991). Reactions occurring
very close to the interface perturb the evanescent wave, and the changes in signals
can be related to the amount of binding between the target and immobilized ligand at
the interface.

When metal surfaces are used to immobilize the receptors, the change in EW
induced by the surface binding may also change the plasmon resonance of the surface
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metal layer (SPR) (Tubb and others 1997). Thus, the main difference between ATR
and SPR is that the former measures the changes of EW at the interphase directly and
the latter measures the induced changes in the resonant excitation of the free electrons
of the metal layer providing the anchoring sites for the specific receptor. Both ATR
(Gen- and others 2006) and SPR (Fratamico 1998) have been applied to measure food
pathogens.

Acoustic wave hiosensors are based on the decrease of oscillating frequency of
bioreceptor-coated piezoelectric crystals upon the binding of target analyte. The
change in frequency is governed by the ratio of the mass of analyte and the piezoelec-
tric crystal (Griffiths and Hall 1993). Recently, this type ol approach has been applied
to measure E. coli 0157:117 (Campbell and Mutharasan 2007). The sensitivity of this
type of sensor is superior. However, the fabrication and treatment of the crystal require
considerable technical training and expertise (Invitski and others 1999).

The electrochemical sensor involves the use of a receptor-coated electrode that
expresses a change in electro-properties upon the binding of target analytc. The best
known electrochemical devise for measuring specific analyte is the glass pH-electrode
that expresses potential change upon the binding of protons on the glass surface. In
the medical field, the most widely used electrochemical sensor is the glucose monitor-
ing sensor (D'Costa and others 1986). This approach has also been applied to measure
food pathogens using alkaline phosphatase labeled antibodies to link to the bacteria
that were captured by the antibodies immobilized on the electrode (Gehring and others
1996). The enzyme then was used to convert phenolic phosphate to phenolic com-
pound that could be characterized by its specific redox potential. The magnitude of
the redox current could relate to the number of pathogen captured.

Thermometric biosensors exploit the fundamental property of biological reactions,
i.e. absorption or evolution of heat (Spink and Wadso 1976). This is reflected as
a change in the temperature within the reaction medium. Its exploitation in biosen-
sors led to the development of thermometric devices (Mosbach and Danielsson 1974).
These predominantly measure the changes in temperature of the circulating fluid
following the reaction of a suitable substrate with the immobilized enzyme mole-
cules. The most basic version of such a device is a thermometer, routinely used
for measurement of body or ambient temperature. Based on similar principles,
in thermometric devices the heal is measured using sensitive thermistors. Stich a
device is popularly referred to as an enzyme thermistor, El (Danielsson and Moshach
1988). Several instruments were designed in the past 2 decades and they combined
the principles of calorimetry, enzyme catalysis, immobilization on suitable matrices,
and flow injection analysis for small metabolite detections. Because of its low sen-
sitivity, the application of thermal sensor for pathogen detection has not yet been
attempted.

The detection of microorganisms by DNA amplification has been extensively
applied. Using polymerase chain reaction (PCR) target nucleic segments of defined
length and sequence are amplified by repetitive cycles of strand denaturation, anncal-
ing, and extension of oligonucleotide primers by the thermostable DNA polymerase.
Thermus aquaricus (Taq) DNA polymerase (Bsat and others 1994). PCR has distinct
advantages over culturing and other methods for the detection of microbial pathogens
and offers the advantages of specificity, sensitivity, rapidity, accuracy, and capacity to
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detect small amounts of target nucleic acid in a sample (Toze 1999). PCR has been
shown to accurately detect low numbers of microbes such as viruses (Schwab and
others 1996) and bacteria (Jensen and others 1993; Fach and Popoff 1997). Multiple
primers can be used to detect different pathogens from one multiplex reaction.
However, this technique can be limited by problems such as the sensitivity of the
polymerase enzyme to environmental contaminants, difficulties in quantification. gen-
eration of false positives through the detection of naked nucleic acids, nonviable
microorganisms, or contamination of samples in the laboratory (Toze 1999). Nucleic
acid-based assays can indicate only the genetic potential of a microorganism to
produce toxin or to express virulence and do not provide any information on toxins
in foods or environmental samples. From a practical point of view, the routine detec-
tion of microbes using PCR can be expensive and complicated, requiring highly
skilled workers to carry out the tests.

All of these methods require samples of small volume and they may have the
sensitivity to detect infectious dosage of pathogens in the sample (e.g., only a few
cells of E. coli 0157:H7). However, the low levels of pathogen may not be uniformly
distributed, but highly localized in a food matrix. Assuring that the samples used for
detection contain the target pathogen is a demanding challenge. To circumvent this
problem, culture enrichment of multiple samples is often needed to increase cell con-
centration and thus enhance pathogen detection.

Alternatively, immunomagnetic heads (1MB) can he used to rapidly and effectively
separate and concentrate targeted pathogens, and the method has attracted increased
interest (Molday and others 1977; Sinclair 1998). 1MB have been applied in several
rapid methods to capture pathogens prior to analysis (Fratamico and others 1992;
Olsvik and others 1994). 1MB also have been used to increase the signal intensity by
concentrating captured pathogens into smaller detection volumes (Gehring and others
1996; Yu and Bruno 1996). In the past, we developed detection processes that involved
first capturing targeted pathogens in foods from briefly enriched cultures by the use
of specific 1MB (Tu and others 2001 a). The captured pathogens were further conju-
gated with second antibodies labeled with signal generating tags. The sandwiched
complexes involving 1MB, targeted pathogens, and labeled antibodies could he pro-
cessed by the use of suitable magnetic devices. The captured pathogens were then
revealed by different optical and electrical approaches. With this general approach,
we were able to detect I CFU/g of target pathogens in meat samples in a standard
8-h shift (Tim and others 2001b). Some of those developed approaches were also
applied to produce systems. In the following sections, we briefly summarize our
experience of detecting pathogens in produce by 1MB and biosensors.

Biosensor Processes Involving the Use of 1MB for
Pathogen Detection

For these approaches, micron-sized iron-containing beads coated with antibodies
specific to antigens of target organisms form 1MB that are used to capture those targets.
The captured pathogens and excess 1MB can be easily separated from other solution
components and conveniently transferred to a desired detection environment by the
use of high-strength neodymium boron iron magnets associated with an automated
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and programmable instrument (e.g., Kin-Fisher apparatus of ThermoFisher Scientific,
Waltham, MA).

Several companies produce a variety of 1MB, such as Dynal beads and Quantum
Dots from Invitrogen Corp. (Carlsbad. CA), BioMag beads from Polysciences Inc.
(Warrington, PA). ProMag beads From Bangs Laboratories (Fishers, IN), MACS
Microheads from Miltenyi Biotech Inc. (Auburn, CA), and MagSpheres from Luminex
Corporation (Austin. TX). Our previous work has shown that based on hydrodynamic
considerations, larger and denser beads have greater capturing efficiencies than lighter
and smaller heads (To and others 2003a). These beads are used to capture bacteria or
toxins from briefly enriched food samples, washed and then incubated with another
antibody conjugated with a signaling tag that might generate easily detectable signals
(e.g., absorption and fluorescence changes) through either enzymatic or chemical
reactions (Tu and others 2001 b Li and others 2004).

Detection of Pathogens on Cantaloupe
Cantaloupes grow in contact with the earth, which increases their potential for contact
with soilborne bacteria, fungi, insects, and animals. The possibility of a product
becoming infected is compounded by contaminated irrigation water, improperly
applied fertilizers, ineffective washing techniques, and poor hygiene practices of field
workers. It has been shown that E. co/i 0157:H7 call Lip to 100 days in soil
(Ingham and others 2004). Several outbreaks and recalls of cantaloupe have occulTed,
in particular a multistate outbreak strain of Salmonella on cantaloupes from Mexico
that caused 133 cases from 2000-2002 (CDC 2002). In November 2006, more than
62,000 cases of cantaloupes from the western U.S. were recalled by Rio Vista, Ltd.
of Rio Rico, Arizona. because routine sampling by the FDA tested positive for
Salmonella (FDA 2006). Other microbes have been cited in outbreaks oil
including Campv/obacter and Norovirus (Bowen and others 2006). Because of its
rough surface and porous veins, bacteria can attach to cantaloupe surfaces rather
tightly, as evidenced by the difficulty in removing the bacteria through simple aqueous
washings (Ukuku and others 2001). The bacteria may become incorporated into bio-
films with existing microflora, which can further shield from the effects of washing
or chemical treatments (Annous and others 2005). This noncompetitive relationship
has been demonstrated by inoculating the surface with phytopathogenic mold, which
does not inhibit the growth of subsequently inoculated Salmonella (Richards and
Beuehat 2005). The waxy surface of the fruit can repel aqueous sanitizers (Beuchat
and Ryu 1997). This strong attachment and hydrophobicity may add further complica-
tions to the detection, quantification, and reduction of suspected pathogens oil
surfaces of cantaloupes. Sanitizing methods have included the use of hydrogen per-
oxide, chlorine, 94'C water, (Ukuku 2006) as well as ozone, peroxyacetic acid, and
chlorinated trisodium phosphate (Rogers and others 2004). Bacteria can he transferred
to the flesh of the melons by cutting, which provides a surface that supports the growth
of pathogenic bacteria (Del Rosario and Beuchat 1995). The possibility of cross-
contamination from food service workers or other foods led to the proposal of a Hazard
Analysis and Critical Control Point (HACCP) plan for handling of fresh produce
(BeLichat 1995). Twenty cases of E. co/i 0157:H7 cross-contamination of cantaloupe
were documented in Oregon in 1993 (Jackson and others 2000).
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Because E. co/i 0157:H7 bacteria can be a hazard on cantaloupe from the field as
well as in postharvest handling, rapid and sensitive detection methods are needed. To
determine the levels of E. co/i 0157:H7 on cantaloupe, we tested the applicability of
two different detection methods (Fig. 18.1) involving the use of Immunomagnetic
heads to first capture and concentrate E. co/i 0157:H7 from cantaloupe samples. The
captured bacteria (shown as B in the figure) were than detected either by the biolu-
minescence of cellular NAD(P)H or by a chemiluminescent sandwich assay. The
results showed that the methods developed were capable of detecting relatively low
levels of the E. co/i 0157:H7 spiked on the surfaces of cantaloupes within 3.3h (Tu
and others 2004).

NAD(P)H Method
The NAD(P)H method mentioned above involves the measurement of cellular NAD(P)
H via an externally added electron transfer system that uses membrane permeable
menadione to oxidize internal NAD(P)H to NAD(P). Menadione reduces molecular
oxygen to hydrogen peroxide (H 202 ) that generates chemiluminescent luminol by the
action of horseradish peroxidase (Fig. 18.2). This reaction system utilized the cellular
NAD(P)H and membrane-bound electron transfer process to produce luminol-
supported and peroxidase-catalyzed chemiluminescence.

As described in our previous report (Tu and others 2004). the NAD(P)H method
was useful to measure the presence of viable cells. Figure 18.2 shows the method

NAD (P)H Method
	

Sandwich Method

I	
Peroxidase J	

Luminescence, hv+
oxidized products

Figure 18.1. Two luminescent assays for bacterial detection. The bacteria (B) either
provide the cellular reducing power in the forms of NAD(P)H or are sandwiched with
peroxidase labeled antibody.
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Figure 18.2. Sensitivity of NAD(P)H method.
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Figure 18.3. Detection levels of bacteria inoculated onto cantaloupe.

could measure 10'CFU/ml of E. coliOl57:H7. The solid line in the figure represented
twice the value of background and was arbitrarily chosen as the limit of detection.

We spiked cantaloupe surfaces with different levels of E. co/i 0157:H7 in circular
areas of 2cm diameter. After drying for I h to promote adhesion, the spiked area was
removed as discs and incubated in nutrient broth for 3.3h. As illustrated in Figure
18.3, the NAD(P)H method was able to detect the presence of -3 x 106 CFU of the
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bacteria in an area of —3 cm' of cantaloupe surface. The background signal is higher
in cantaloupe assay due to presence of other materials that increase the false positive
(rind, pulp, endogenous bacteria). The detection after 3.3h is noteworthy because the
discs were added to 100 ml nutrient broth and only 200111 were assayed.

Sandwich Method
This assay uses bacteria captured by beads and then incubated with peroxidase-labeled
antibody against the target antigen. The beads are eluted into a luminol-based cocktail
(BioFX Corp., Owings Mills, MD). The assay measures the activity of the peroxidase
conjugated to anti—E. co/i 0157 antibodies. The amount of activity is proportional to
the concentration of bacteria captured by the beads. Unlike the NAD(P)H method, the
sandwich method detects intact (viable and injured) and fragmented target cells,
because the sandwich detection is relying on interactions between applied antibodies
and antigens on bacterial surfaces. As shown in Figure 18.4, the sensitivity of the
sandwich method in detecting cultured E. co/i 0157:117 is more than 10 times better
than that of the NAD(P)H method. The horizontal bar represents a value twice
the background reading and is arbitrarily set as the limit of detection. Thus
100,000CFU/ml is approximately the detection limit using this method.

This sandwich method was applied to detect E. co/i 0157:H7 spiked on cantaloupe
as described for Figure 18.3. As shown in Figure 18.5, the sandwich method
could detect -1000CFU/crn 2 of cantaloupe surface after an enrichment of 3.3h
(Tu and others 2004). As with the NAD(P)H method, the background of cantaloupe
samples was higher than that of the pure cultures cells but not as relatively high as
the NAD(P)H method. Thus, a lower number of cells can be detected after the incuba-
tion period using the sandwich method. The lower background and greater sensitivity
make the sandwich test more desirable for detecting E. co/i 0157:117 in cantaloupe
samples.
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Figure 18.4. Sensitivity of the sandwich method.
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Figure 18.5. Sandwich method detection levels of bacteria inoculated onto
cantaloupe.

Detection of Pathogens Associated with Alfalfa Sprouts
The use of uncooked sprouts as a salad ingredient has gained considerable acceptance
by American consumers. However, outbreaks of E. co/i 0157:H7 and Salmonella spp.
associated with the consumption of raw sprouts have become a concern (Breuer and
others 2001; Brooks and others 2001; CDC 2001; Ferguson and others 2005).
Pathogenic bacteria on the seeds, if any, can rapidly grow to 106—IO8 CFU/g of product
under the warm, moist, nutrient rich sprouting conditions (NACMCF 1999; Stewart
and others 2001 a). The internalization of the pathogenic bacteria into the edible parts
of the sprouts, the cotyledons and hypocotyls, makes them difficult to disinfect after
sprouting (Gandhi and others 2001: Hara-Kudo and others 1997; Ito and others 1998).

In 1999, the FDA recommended that sprout growers decontaminate seeds to reduce
the microbial hazards of sprouts (FDA 1999). While currently approved treatments of
seeds may reduce 99-99.9% of microbial populations, they do not guarantee a patho-
gen-free sprouted product (Beuchat and Ryu 1997; Brooks and others 2001: Jaquette
and others 1996; NACMCF 1999; Pandrangi and others 2003; Proctor and others
2001: Stewart and others 2001b; Taormina and others 1999; Weissinger and Beuchat
2000). Testing seeds for contamination is problematic due to the low levels of con-
tamination and nonuniform distribution of pathogens (Splittstoesser and others 1983).

The FDA has recommended testing spent irrigation water from sprout production
for the presence of E. co/i 0157:H7 and Salmonella spp. (FDA 1999). Testing spent
irrigation water has many advantages over testing sprouts. In order to test the sprouts,
multiple samples must be taken from various areas of the sprouting drum to ensure
that the sampling is representative of the microflora present. Also, pummeling of the
sprouts to break them open prior to testing, as recommended by the FDA (FDA 1999),
may release phytoalexins inhibitory to the growth of some pathogens during enrich-
ment or isolation (Jaquette and others 1996). The only disadvantage of testing spent
irrigation water is that the level of microorganisms recovered is generally I log lower
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than the level in the sprouts and low levels of pathogens may be missed (Fu and others
2001). However, if the testing of spent irrigation water is conducted at 48 h after the
commencement of sprouting, as recommended by the FDA, the level of pathogens
present in the irrigation water will be at a maximum level (Fu and others 2001;
Splittstoesser and others 1983; Stewart 2001a,b) and may be more readily
detectable.

For testing irrigation water, the FDA (1999) has recommended using VIP EHEC
(Biocontrol Systems, Beilview, WA) or Reveal E. co/i 0157:H7 tests (Neogen Corp..
Lansing, MI) for the detection of E. co/i 0157:H7, and Assurance Gold Salmonella
EIA or Visual Immunoprecipitate (VIP) assay for Salmonella (both from Biocontrol
Systems, Inc., Beliview, WA) for the detection of Salmonella spp. However, the E.
co/i tests require an overnight incubation in modified buffered peptone water with
three added antibiotics, and the Salmonella methodology requires preenrichment and
enrichment for approximately 48-50h before testing. Thus, there is a need to develop
sensitive and specific alternatives that can be completed in shorter time periods.

Time-Resolved Fluorescence of Lanthanide Cations
The involvement of 4f orbitals in the electronic structure of lanthanide (La) cations
such as europium permits a transfer of excitation energy from ligands to central La
cations prior to the emission of ion fluorescence that is characteristic by a relatively
long fluorescence half-life (-50-1000msec) and a considerable Stoke's shift (>200nm)
between the absorption and emission maxima. In contrast, the fluorescence half-life
and Stoke's shift of common organic and biochemical compounds are in the range of
1-1000ltsec and 20-100nm, respectively. Thus, with a pulsed excitation, the fluores-
cence of La may be easily separated from the interference fluorescence and scattered
excitation light by delaying the emission measurement (time-resolved fluorescence,
TRF). In addition, the quantum yield of La-chelates is usually quite high, e.g., 0.18
for Eu-(4,4,4-trifl uoro-[Z-thienyl-1,3-butanedionato]) at 614 nm (Halverson and others
1964). A combination of time-delayed fluorescence and the unique properties of La-
chelates has led to the development of a new technique called dissociation-enhanced
lanthanide fluoroimmunoassav (DELFIA). In this technique, antibodies are modified
to contain binding groups capable of forming very low fluorescence La-complex. The
modified antibodies are used to capture target species and the antibody-bound La
cations are then extracted out by an "enhancement solution" that contains chelates
capable of forming strongly fluorescent products (Tu and others 2001b).

Time-Resolved Fluorescence Approach (TRF)
We have applied TRF measurement in combination with immunomagnetic capture to
develop a sensitive and rapid method for pathogen detection (IMB-TRF). This
approach has been demonstrated to detect E. coli and Salmonella in ground meats at
a 1 CFU/g level and to show that nontarget microorganisms do not interfere with the
detection (Tu and others 2002). In the experiment, europium (Eu) or samarium (Sm)
labeled antibodies to the bacteria were incubated with 1MB captured target organisms.
Excess labeled antibody was washed away and the remaining beads were eluted into
an "enhancement buffer," which contained chelators that extracted Eu or Sm to form
strongly fluorescent products. The samples were then read in a Victor 1420 Multilabel
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Figure 18.6. The sensitivity of IMB-TRF method for detecting different strains of
E. co/i and Salmonella.

Counter that provided pulsed excitation and delayed emission measurements
(Perki nElmer Wallac, Turku, Finland).

Figure 18.6 shows the sensitivity of the IMB-TRF method for detecting different
strains of E. co/i and Salmonella.

Bacterial samples with indicated concentrations were first treated with proper
IMBs. The captured bacteria were then reacted with either Eu-labeled (for E. co/i) or
Sm-labeled (for Salmonella) antibodies prior to TRF measurements (Tu and others
2002). As shown, detection limits were thus 750 CFU/ml for E. co/i and 250 CFU/ml
for Salmonella. Similar trends were found with Salmonella strains Stanley H0558,
Anatum 4317, Infantis F4319, and Newport H1275 (data not shown).

To test the feasibility of using the developed IMB-TRF method to detect the patho-
gens in the alfalfa sprouts, experiments shown in Figure 18.7 were performed (Tu and
others 2003b). Commercially obtained alfalfa sprouts were inoculated with the patho-
gens at indicated levels and then "stomachered" and incubated for 4.5 h at 37°C. Data
shown indicated that with crushed sprouts. the TMB-TRF could easily detect the pres-
ence of E. co/i 01 57:H7 and E. co/i 01 57:NM. However, the approach failed to detect
Salmonella under the experimental conditions. The basis for this has yet to be deter-
mined but it has been reported by Castro-Rosas and Escartin (2000) that Vibrio chol-
ercie 01 and Salmonella tvphi showed no growth when inoculated onto alfalfa sprouts
24 h after germination. They attributed this observation to the abundance of competing
background microflora at 24h into the germination process.

Detection of Pathogens in Laboratory-Cultivated Sprouts
Grown from Inoculated Seeds
Results of Figure 18.6 indicated that using whole alfalfa sprouts for pathogen detection
by IMB-TRF might have its drawbacks. Thus, we decided to germinate contaminated
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Figure 18.7. Detection of pathogens on crushed sprouts.

alfalfa seeds (4 CFU/g) in our laboratory using sterile Mason jars and sterile tap water
for irrigation. Thus, an analysis of spent irrigation water should indicate whether the
sprouts, and therefore the seeds, are contaminated by pathogens. Experimentally,
alfalfa seeds artificially contaminated with E. coli 0157 or Salmonella were used to
produce sprouts (Tu and others 2002). As shown in Figure 18.8, water sample analyses
were applicable for the detection of both E. coli 0157 and Salmonella.

Detection of Pathogens in Irrigation Water and Sprouts
Although spent irrigation water testing is recommended by the FDA (1999), it may
give false negative results because microbial counts in the irrigation water are, on the
average, 1 log lower than those detected in sprout samples (FDA 1999; Fu and others
2001). For this reason, we chose to apply the developed detection method to both the
water and sprouts simultaneously. We did not utilize the Seward Stomacher for pum -
meling sprouts germinated from lab-inoculated seeds because of complications
described in Figure 18.6. Instead, whole sprouts were aseptically transferred to the
proper culture medium for the enrichment. With this experimental design, both the
sprouts and the spent irrigation water equally showed the presence of the pathogens
as depicted in Figure 18.9. Unlike the results described in Figure 18.7, the use of
sprouts germinated from contaminated seeds, under applied laboratory conditions,
showed positive detection for both E. coli 0157 and Salmonella. Apparently, the
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competitive exclusion of pathogens by background microflora is minimized by the
use of pathogen-inoculated seeds, and this methodology more closely approximates
naturally occurring contamination of seeds.

Conclusions

The number of outbreaks linked to fresh produce reported to the CDC has increased
in the last years (Bean and Griffin 1990; CDC 2000). This increase may he due in
part to improved surveillance, but other factors may also come into play. Proposed
reasons include the significant increase in the consumption of fresh produce in the
United States due to the growing awareness of fruits and vegetables as a part of a
healthy diet. Also, greater volumes of minimally processed produce are being shipped
from central locations and distributed over much larger geographical areas to meet
the increased popularity of salad bars. This, coupled with increased global trade,
significantly increases human exposure to a wide variety of foodborne pathogens and
also increases the chances of outbreaks (Harris and others 2003).

To minimize the possibility of outbreaks, producers such as the International Sprout
Growers Association (ISGA) have taken positive steps to address this problem by
pursuing the use of 2% calcium hypochlorite for soaking alfalfa seeds prior to germi-
nation and growth. This intervention method has the potential to substantially reduce,
but not necessarily eliminate, pathogenic microbial contamination of seeds that can
he passed on to the consumer through ingestion of raw sprouts. Thus, the development
of effective technologies that can he applied to detect pathogenic bacteria in produce
is desirable.

In this chapter, we provide evidence demonstrating that a combination of 1MB to
capture and hiosensors to detect (a method that was originally developed for detecting
pathogens in meats) has the potential to detect low levels of pathogenic bacteria in
produce, specifically cantaloupes and alfalfa seeds and sprouts. The sensitivity of
developed IMB-TRF processes allows rapid detection, within an S-h shift, of select
pathogens even in the presence of high levels of the background microflora. In prin-
ciple, the technology may be applied to the detection of pathogens iii other produce
that are of outbreak concerns. The availability of magnetic bead manipulator and
hiosensor detector in 96-well formats will certainly increase the feasibility of high-
throughput screening of pathogens in meats and produce.

Disclaimer

Mention of brand or firm names does not constitute an endorsement by the U.S.
Department of Agriculture or any other federal agency or governmental entity over
others of similar nature not mentioned.

References

Ackers ML, Mahon BE, Leahy E. Goode B. Damrow T. Hayes PS, Bibb WE Rice DH, Barrett Ti.
Hutwagner L. Griffin PM, and Slutskcr L. 1995. An outbreak of Ewherichia co/i 0157:1-17 infections
associated with leaf lettuce consumption. Journal of Infectious Disease 177:1588-1593.

Anderson OP. Golden JP. and Ligler FS. 1993. A fiber optic biosensor—combination tapered fibers designed
for improved signal acquisition. Biosensors and Bioelectronics 8:249-256.



Applications of Immunomagnetic Beads and Biosensors 345

Annous BA, Solomon ER. Cooke P1-I, and Burke A. 2005. Biofllm formation by Salmonella spp. on can-
taloupe melons. Journal of Food Safety 25:276-287.

Bean NI-I. and Gnttin PM. 1990. Fooclbornc disease outbreaks in the United States, 1973-1987: pathogens.
vehicles, and trends. Journal of Food Protection 53(9):804-817.

Beuchat LR. 1999. Survival 01 cnterohemorrhagic Eseheridna co/i 0157:117 in bovine feces applied to lettuce
and the effectiveness of chlorinated water as a disinfectant. Journal of Food Protection 62:845-849.

Beuchat LR. 1995. Pathogenic microorganisms associated with fresh produce. Journal of Food Protection
59(2):21)4-216.

Beuchat I.R. and Ryu J. 1997a. Produce handling and processing practices. Emerging and Infectious
Diseases 3:59-465.

Rcucliat LR. 19971). Comparison of chemical treatments to kill Salmonella on alfalfa seeds destined for
sprout production. International Journal of Food Microbiology 34:329-333.

Bowen A. Fry A. Richards G. and Beauchat L. 2006. Infections associated with cantaloupe consumption:
a public health concern. Epidemiology and Infection 134:667-674.

Breuer T. Benkel DH. Shapiro RE, Hall WN, Winnett MM, Linn MJ. Ncimann J. Barrett 'F), Dietrich S.
Downes FP. Tone y DM. Pearson JL, Rolka H, Slntskcr L. and Griffin PM. 2001. A multistate outbreak
of Escher,chia col/ 0157:1-17 infections linked to alfalfa sprouts grown troll) contaminated seeds.
Emerging and Infectious Diseases 7:977-982.

Brooks BW. Devenish J, Lutze-Wallace JCL. Milnes D. Robertson RH. and Berlie-Surujballi G. 2004.
Microbial immunit y in the reproductive tract. Vet Microbial 103:77-84.

Brooks JT, Rowe SY. Shillam P. Heltzel DM, Hunter SB, Slutsker L. Hoekstra RM. and Luhy SP. 2001.
Salmonella rvphinnmrium infections transmitted by chlorinc-pretreated clover sprout seeds. American
Journal of Epidemiolog y 154:1020-1028.

Bsat N. Wemdmenn M, Czajka J. Barany F, Piani M. and Batt CA. 1994. Food safety applications of nucleic
acid-based assays. Food Technology 48:142-145.

Campbell GA. and Mutharasan R. 2007. A method of measuring Eschericloa co/i 0157:H7 at I cell/1111- in
I liter sample using antibody functmonali7.cd piezoelectric-excited millimeter-sized cantilever sensor.
Environmental Science and Technology 41:1668-1674.

Castro-Rosas J. and Escartin EF. 2000. Survival and growth of V/in/a cholera 01. Salmonella tsp/n. and E.
co/i in alfalfa sprouts. Journal of Food Science 65:162-165.

CDC (Centers for Disease Control and Prevention). 1999. Outbreak of Eseheric-ltia coil 0157:H7 and
Campvlahacter among attendees of the Washington county fair-New York. 1999. Morbidity and
Mortality Weekly Report 48:803-804.

- 2000. CDC surveillance summaries: March 17. 2000. Morbidity and Mortality Weekly Report
49:1-5.

2001. Outbreaks of Salmonella serotype Kottbus infection associated with eating alfalfa sprouts-
Arizona, California. Colorado, and New Mexico, February-April 2001. Morbidity and Mortality Weekly
Report 51:7-9.

- 2002. Multistate Outbreaks of Salmonella Scrotype Poona Infections Associated with Eating
Cantaloupe frail) Mexico-United States and Canada. 2000-2002. Morbidity and Mortality Weekly
Report 51:1044-1047.

2003. Hepatitis A Outbreak Associated with Green Onions at a Restaurant-Monaca, Pennsylvania.
http:iiwww.cdc.gav/odJoeimedialmrnwrnews/n03 11 28.htm#mmwr4

- 2006. Multistate Outbreak of E. co/i 0157 Infections. November-December 2006. http://www.
edc.gov/ecolii2006/deeember/1 21 406.htni.

Chalmers RM, Aird H, and Bolton F.J. 2000. Waterborne Escheric'hia ca/i 0157. Journal of Applied
Microbiology 88:1245-1325.

Danmelsson B, and Masbach K. 1988. Enzy me thermistors. Methods iii Enzymology 137:181-197.
D'Costa F.J. Higgins I). and Turner APF. 1986. Quinciprotein glucose dehvdro gcnase and its application in

an arnperometric glucose sensor. Biosensors 2:71-87.
Del Rosario BA, and Beuchat LR. 1995. Survival and growth of entcrohemorrhagie Esc/ierichia coli

0157:117 in cantaloupe and watermelon. Journal of Food Protection 58:105-107.
Fcich P. Popoff MR. 1997. Detection of enterotoxigenic Clo.ctrjdiim, pe,fi-inge,is in food and fecal samples

with duplex PCR and slide latex agglutination test. Applied and Environmental Microbiology
63:4232-4236.



346 Section IV Produce Safety during Processing and Handling

Faith NO, Shere JA. Bronch R. Arnold KW, Ansa y SE. Lee MS. Luchansky JB. and Kaspar CW. 1996.
Prevalence and clonal nature of Escherichia co/i 0157:1-17 on dairy farms in Wisconsin. Applied and
Environmental Microbiology 62:1519-1525.

Ferguson D, Scheftel J. Cronquist A. Smith K. Woo-Ming A, Anderson F, Knutsen J. Dc AK. and Gershman
K. 2005. Temporally distinct Escherichia co/i 0157 outbreaks associated with alfalfa sprouts linked to
a common seed source-Colorado and Minnesota, 2003. Epidemiology and Infection 133:439-447,

FDA (Food and Drug Administration). 1998.  Guide to tnoiinn:e microbial food safet y hazards fur fresh
fruits and vegetables. Center for Food Safety and Applied Nutrition, Washington, D.C.

1999. Guidance for industry: reducing microbial food safety hazards for sprouted seeds and guid-
ance for industry: sampling and microbial testing of spent irrigation water during sprout production. Fed
Reg 64:57893-57902.

2006. Rio Vista, Ltd. Recalls Cantaloupes Nationwide Because of Possible Health Risk http://
www.fda.gov/oc/po/firmrecalls/riosistal  L06.html.

Fratamico P. 1998. Detection of Escherichia co/i 01 57:H7 using a surface plasinon resonance biosensor.
Biotechnology and Technology 12:571-576.

Fratamico PM. 2003. Comparison of culture. polyroerase chain reaction (PCR). TaqMan Salmonella, and
Transia Card Salmonella assays lor detection of Salmonella spp. in naturally contaminated ground
chicken, ground turkey. and ground beef. Molecular and Cellular Probes 17:215-221.

Fratamico PM, Schultz FJ, and Buchanan RL. 1992. Rapid isolation of E.vcherichia co/i 01 57:H7 from
enrichment cultures of foods using an immunoniagnetic separation method. Food Microbiology
9:105-113.

Fu T. Stewart D. Reineke K. Ulaszek J. Schlesser J. and Tortorello M. 2001. Use of spent irrigation water
for microbial analysis of alfalfa sprouts. Journal of Food Protection 64:802-806.

Gandhi M. Golding S. Yaron S. and Matthews KR. 2001. Use of green fluorescent protein expressing
Salmonella Stanley to investigate survival, spatial location, and control on alfalfa sprouts. Journal of
Food Protection 64:1891-1898.

Gehring AG. Crawford CG, Mazenko R, Van Houten LI. and Brewster JD. 1996. Enzyme-linked imniu-
nomagnetic electrochemical detection of So/marie//a rvplthnuriuin. Journal of Immunological Methods
195:15-25.

Cieng V. Uknalis I. lu S. and Bhunia AK. 2006. Fiber-optic biosensor employing alcxa-fluor conjugated
antibody for detection of Escherichia co/i 0157:H7 from ground beef in four hours. Sensor
6:796-807.

Goepel W. 1991. Chemical sensing, molecular electronics and nanotechnology: interface technologies down
to the molecular scale. Sensors and Actuators B 4:7-21.

Goepel W, Heiduschka P. 1995. Interface analysis in biosensor design. Biosensors and Bioeleelronics
10:553-883.

Griffiths D, and Hall G. 1993. Biosensurs-what real progress is being made? TIBTECH 11:122-13(1.
Halverson F. Britten FJ, and Leto JR. 1964. Photoluminescence of Lanthanide complexes. II. Enhancement

by an insulating sheath. Journal of Chemical Physics 41:157-163.
Hara-Kudo Y. Konuma H. Iwaki M. Kasuga F, Sugita-Konishi Y. Ito Y. and Kumagai SS. 1997. Potential

hazard of radish sprouts as.avehicle of Esclierichia co/i 0157:1-17. Journal of Food Protection
60:1125-1127.

Harris Li. Farber iN. Beuchat LR, Parish ME, Suslow TV. Garrett EH, and Busta FF. 2003. Outbreaks
associated with fresh produce: incidence, growth. and survival of pathogens in fresh and fresh-cut
produce. Comprehensive Reviews in Food Science and Food Safety 2:78-141.

Hillborn ED, Mermin JH, Mshar PA, Hadler IL. Voetsch A. Wojtkunski C. Swart,. M. Mshar R. Lambert-
Fair MA, Farrar IA. Gl y nn MK. and Slutsker L. 1999. A multistate outbreak of E.scherichia co/i 0l57:H7
infections associated with consumption of mesciun lettuce. Archives of Internal Medicine
159:1758-1764.

Ingham S. Losinski J. Andrews MP. Breuer iE. Breuer JR, Wood TM and Wright TH. 2(X)4. Esc/mericlmia
co/i contamination of vegetables grown in soils fertilized with nonconiposted bovine manure: garden
scale studies. Applied and Environmental Microbiology 70:64211-6427.

Invitski D, Abdel-Hamid I. Atanasov P. and Wilkins E. 1999. Biosensors for the detection of pathogenic
bacteria. Biosensors and Bioelectronics 14:599-624.



Applications of Immunomagnetic Beads and Biosensors 347

Ito Y. Sugita-Konishi Y. Kasu ga F. Iwaki M, Hara-Kudo Y. Saito N. Noguchi Y. Ilonuma I-I. and Surnagai
S. 1998. Enterohemorrhagic Esehc,'ic/iia co/i 0157:1-17 present in radish sprouts. Applied and
Environmental Microbiology 64:1532-1535.

Jackson LA, Keene WE. McAnulty JM, Alexander ER. Diermayer M, Davis MA. Hedberg K. Boase J.
Barrett TJ, Samadpour M. and Flemirog DW. 2000. Where's the hecO I'he role of cross contamination
in 4 chain restaurant associated outbreaks of E. co/i 0157:117 in the Pacific Northwest. Archives of
Internal Medicine 160(15):2380-2385.

Jaquette CB. Beuchat, l.R. and Mahon BE. 1996. Efficacy of chlorine and heat treatment in killing
Salmonella stan/er inoculated onto alf'alt'a seeds and growth and stirs ival of the pathogen during sprout-
ing and storage. Applied and Environmental Microbiolog y 62:2212-2215.

Jensen M. Webster JA. and Straus N. 1993. Rapid identification of bacteria on the basis of polymerase
chain reacuon-antplilied rihosoiiial DNA spacer polymorphisms. Applied and Environmental
Microbiology 59:945-952,

Kuclva LT, Blanch K, and 1-Iovde CJ. 1998. Analysis of L,vcherichia co/iOl 57:H7 survival in ovine or bovine
manure and manure slurry. Applied and Environmental Microbiology 64:3166-3174.

Lave WI-, Button U, and Slovacek RE. 1991. In: Biosen,so,',s (('it/i Lthe,-o/Eic.s: Wise DL and Wingard 1.13.
Ed.: Humana Press: Clifton. NJ, 139-180.

Leonard P. hearty S. Brennan J. Dunne L. Quinn J. Chakrahorty . 1 .. and 0 Kennedy R. 2003. Advances in
hiosensors for detection of pathogens in food and water. Enzyme and Microbiological technology
32:3-13.

Li Y. Dick WA. luovinen OH. 2004. Fluorescence microscopy for visualization of soil microorganisms-a
review. Biology of Fertility Soils 5:301-311.

Molday RS. Yen SPS, and Rembaum A. 1977. Application of magnetic microspheres in labeling and separa-
tion of cells. Nature 268:437-438.

Moshach K. and Danielsson B. 1974. An enzyme thermistor. Biochimica Biophysica Acta 364:140-
145.

NACMCF (National Advisory Committee on Microbiological Criteria for Foods). 1999. Microbiological
safet y evaluations and recommendations on sprouted seeds. International Journal of Food Microbiology
52:123-153.

Olsvik 0, Popovic T. Skjerve B, Cudjoe KS, Bornes E. Ugelstad J. and Uhlen M. 1994. Magnetic separation
techniques in diagnostic microbiology. Clinical Microbiology Reviews 7:43-54.

Pandrangi S. Elwell MW. Anahmeswaran RC. and Laborde LI-. 2003. Efficacy of sulfuric acid scarification
and disinfectant treatments in eliminating Esclierechia co/i 0l57:H7 front seeds prior to sprouting.
Journal of Food Science 68:613-618.

Proctor ME. Hamacher M. Tortorello ML. Archer JA. and Davis JP. 2001. Multistate outbreak ofSa/nione//a
serovar Muenchen infections associated with alfalfa sprouts grown from seeds pretreated with calcium
hypochlorite. Journal of Clinical Microbiology 39:3461-3465.

Richards GM. and Beuchat I-R. 2005. Metabolic association of molds and So/mone//a poono on intact and
wounded cantaloupe rind. International Journal of Food Microbiology 97:327-339.

Rogers SL, Cash JN. Siddiq M. and Ryser ET. 2004. A comparison of different chemical sanitizers for
inactivating E,vcherichia co/i 0157:H7 and Listerin i0000cvtoge,ie.v in solution and on apples, lettuce,
strawberries, and cantaloupe. Journal of Food Protection 67:721-731

Schwab Ki, Dc Leon R, and Sobscy MD. 1996. Iminunoaftinit y concentration and purification of water-
borne enteric viruses for detection by reverse iranseriptase PCR.Applied and Environmental Microbiology
63:4401-4407.

Seyhi RS. 1994. Transducer aspects of biosensors. Biosensors and Biocleetronics 9:243-264.
Sinclair B. 1998. To head or not to head: Applications of magnetic head technology. The Scientist

12:17-24.
Spi nk C. and Wadsö 1. 1976. Calorimetry as an analytical tool in biochemistry and biology. Methods in

Biochemical Analysis 23:1-159.
Spliitstoesser DF. Queale DT. and Andaloro BW. 1983. The microbiology of vegetable sprouts during com-

mercial production. Journal of Food Sal'ety 5:79-86.
Squillante E. 1998. Applications of fiber-optic evanescent wave spectroscopy. Drug Development and

Industrial Pharmacy 24:1163-1175.



348 Section IV Produce Safety during Processing and Handling

Stewart DS, Reineke KF, Ulaszek JM, and Totorello ML. 2001a. Growth of Escherichia co/i 0157:1-17
during sprouting of alfalfa seeds. Letters in Applied Microbiology 33:95-99.

2001b. Growth of Salmonella dungri sprouting of alfalfa seeds associated with salmonellosis
outbreaks. Journal of Food Protection 64:618-622.

Surak JG. 2007. A Recipe for Safe Food: ISO 22000 and HACCP. Quality Progress October:21-27.
Taormina PJ, Beuchat LR, and Slutsker L. 1999. Infections associated with eating seed sprouts: an Inter-

national concern. Emerging and Infectious Diseases 5:626-634.
Fo7.e S. 1999. I'CR and the detection of microbial pathogens in water and wastewater. Water Research

33:3545-3556.
Tu S, Golden M, Andreotti P. and Irwin P. 2002. The use of time resolved fluoroimmunoassay to simul-

taneously detect Escherichia colE 01 57:H7, Salmonella enterica serovar typ/iimurium and Salmonella
enterica serovar enteriditis in foods. Journal of Rapid Methods and Automation Microbiology
10:7-48.

Tu 5, Golden M, Andreotti P. Yu LSL, and Irwin PL. 2001b. Applications of time-resolved fluoroimmu-
noassay to detect magnetic seed captured Escherichia coli 0157:1-17. Journal of Rapid Methods and
Automation in Microbiology 9:71-84.

Tu 5, Golden MH, Fett WF, Gehring AG, and Irwin PL. 2003h. Rapid detection of outbreak Escherichia
co/i 0157 and Salmonella on alfalfa sprouts by immunomagnetic capture and time resolved fluorescence.
Journal of Food Science 23:75-89.

Tu 5, Patterson DL, Briggs CF., Irwin PL, and Yu LSL. 2001a. Detection of immunomagnetically captured
Escherichia co/i 0157:1-17 by antibody-conjugated alkaline phosphatase. Journal of Industrial
Microbiology and Biotechnology 26:345-349.

Tu 5, Uknalis J, and Gehring A. 2004. Optical methods for detecting Escherichia co/i 0157:H7 spiked on
cantaloupes Nondestructive Sensing for Food Safety, Quality, and Natural Resources Proc. of SPIE,
Soc. of Photo-Optical Instrumentation Engineer Bellingham, WA. 5587:183-189.

Tu S. Uknalis J. Gore M, Irwin P1., and Feder I. 2003a. Factors affecting the bacterial capture efficiency
of immuno beads: a comparison between beads with different size and density. Journal of Rapid Methods
and Automation in Microbiology 11:35-46.

Tubb AJC, Payne FP, Millington RB, and Lowe CR. 1997. Single mode optical fibre surface plasmon wave
chemical sensor. Sensors and Actuators B 4:71-79.

Ukuku DO. 2006. Effect of sanitizing treatments on removal of bacteria from cantaloupe surface, and re-
contamination with Salmonella. Food Microbiology 23:289-293.

Ukuku DO, Pilizota V, and Sapers GM. 2001. Bioluminescence ATP assay for estimating total plate counts
of surface micro-flora of whole cantaloupe and determining efficacy of washing treatment. Journal of
Food Protection 64:813-819.

Wang G, and Doyle MP. 1998. Survival of enterohemorrhagic Escherichia co/i 0I57:1 17 in water. Journal
of Food Protection 61:662-667.

Wang G, Zhao T, and Doyle MP. 1996. Fate of enterohemorrhagic Escherichia co/i 0157:1-17 in bovine
feces. Applied and Environmental Microbiology 62:2567-2570.

Weissinger WR, and Beuchat LR. 2000. Comparison of aqueous chemical treatments to eliminate Salmonella
on alfalfa sprouts. Journal of Food Protection 63:1475-1482.

Yu H, and Bruno JG. 1996. Immunomagnetic-electrochemiluminescent detection of Escherichia co/i
0I57:H7 and Salmonella typhitnurium in foods and environmental water samples. Applied and
Environmental Microbiology 62:587-592.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18

